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Abstract: Instructive biomaterials capable of controlling the behaviour of the cells are particularly
interesting scaffolds for tissue engineering and regenerative medicine. Novel
biomaterials are particularly important in societies with rapidly aging populations,
where demand for organ/tissue donations is greater than their supply. Herein we
describe the preparation of electrically conductive silk film-based nerve tissue scaffolds
that are manufactured using all aqueous processing. Aqueous solutions of Bombyx
mori silk were cast on flexible polydimethylsiloxane substrates with micrometer-scale
grooves on their surfaces, allowed to dry, and annealed to impart β-sheets to the silk
which assures that the materials are stable for further processing in water. The silk
films were rendered conductive by generating an interpenetrating network of
polypyrrole and polystyrenesulfonate in the silk matrix. Films were incubated in an
aqueous solution of pyrrole (monomer), polystyrenesulfonate (dopant) and iron
chloride (initiator), after which they were thoroughly washed to remove low molecular
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weight components (monomers, initiators, and oligomers) and dried, yielding
conductive films with sheet resistances of 124 ± 23 kΩ square-1. The micrometer-scale
grooves that are present on the surface of the films are analogous to the natural
topography in the extracellular matrix of various tissues (bone, muscle, nerve, skin) to
which cells respond. Dorsal Root Gangions (DRGs) adhere to the films and the
grooves in the surface of the films instruct the aligned growth of processes extending
from the DRGs. Such materials potentially enable the electrical stimulation of cells
cultured on them, and future in vitro studies will focus on understanding the interplay
between electrical and topographical cues on the behaviour of cells cultured on them.
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Into The Groove: Instructive Conductive Silk Films With Topological 
Guidance Cues Direct DRG Neurite Outgrowth 
Instructive biomaterials capable of controlling the behaviour of the cells are 
particularly interesting scaffolds for tissue engineering and regenerative 
medicine. Novel biomaterials are particularly important in societies with rapidly 
aging populations, where demand for organ/tissue donations is greater than their 
supply. Herein we describe the preparation of electrically conductive silk film-
based nerve tissue scaffolds that are manufactured using all aqueous processing. 
Aqueous solutions of Bombyx mori silk were cast on flexible 
polydimethylsiloxane substrates with micrometer-scale grooves on their surfaces, 
allowed to dry, and annealed to impart β-sheets to the silk which assures that the 
materials are stable for further processing in water. The silk films were rendered 
conductive by generating an interpenetrating network of polypyrrole and 
polystyrenesulfonate in the silk matrix. Films were incubated in an aqueous 
solution of pyrrole (monomer), polystyrenesulfonate (dopant) and iron chloride 
(initiator), after which they were thoroughly washed to remove low molecular 
weight components (monomers, initiators, and oligomers) and dried, yielding 
conductive films with sheet resistances of 124 ± 23 kΩ square-1. The micrometer-
scale grooves that are present on the surface of the films are analogous to the 
natural topography in the extracellular matrix of various tissues (bone, muscle, 
nerve, skin) to which cells respond. Dorsal Root Gangions (DRGs) adhere to the 
films and the grooves in the surface of the films instruct the aligned growth of 
processes extending from the DRGs. Such materials potentially enable the 
electrical stimulation of cells cultured on them, and future in vitro studies will 
focus on understanding the interplay between electrical and topographical cues 
on the behaviour of cells cultured on them. 
Keywords: silk; biomaterials; neural; tissue engineering; topography 
1. Introduction 
The processability, biocompatibility and biodegradability of natural and recombinant 
silk proteins make them popular components of biomaterials for drug delivery and 
tissue engineering. Examples of biomaterials based on silk proteins produced by 
silkworms (typically Bombyx mori silkworm fibroin (BMF) [1-9], although others have 
been used)[10], bees [11], caddisfly larvae [12], lacewings [13] and spiders [15-18] 
have been reported, as indeed have composite materials produced thereof [19]. Silk-
based tissue scaffolds in an assortment of materials morphologies (including films, 
fibers, foams and hydrogels) have demonstrated promise in various niches of tissue 
engineering (e.g., bone, muscle, nerve and skin) in vitro, and in preclinical trials [1-19]. 
Instructive biomaterials capable of controlling the behaviour of the cells are 
particularly interesting for tissue engineering [20-23]. Topographical cues in natural 
bodily tissues instruct cells to align, as observed in bone, muscle, nerve and other 
tissues [24,25]. Engineers have drawn inspiration from these observations when 
developing novel methods to impart biomimetic topographical guidance cues to 2D and 
3D biomaterials [24,25]. 
Kaplan and Omenetto developed a simple soft lithography-based casting 
technique that enables the fabrication of features smaller than 30 nm in silk fibroin films 
cast from aqueous solution [26]. Silk films having such intricate 2D or 3D nanoscale or 
microscale patterns have prospects for use in the biomedical [4,27] and optics industries 
[26-28]. With a view to their application as novel biomaterials, Kaplan and coworkers 
have applied such patterned films as instructive biomaterials for bone and nerve tissue 
regeneration, wherein the hierarchically organized microarchitecture of its cells and 
extracellular matrix (ECM) are known to be important for the function of the tissue 
[23]. 
The ECM of cortical bone and the fibrosus rings of cardiac muscle tissue (the 
annulus fibrosus cordis) is organized as stacks of layers of parallel collagen and 
mineralized ECM that are rotated approximately 30o relative to the underlying layer. 
Mesenchymal stem cells (MSCs) cultured on silk films with micrometer-scale grooves 
were observed to align with the grooves, the films could be stacked with a 30o rotation 
relative to the underlying layer, and when cultured in osteogenic medium they 
differentiated towards osteogenic outcomes [29, 30]. 
Nervous tissues, such as ocular tissues also contain oriented cells in the central 
stroma, outermost and innermost endothelium. Human cornea fibroblasts cultured on 
silk films with micrometer-scale grooves were observed to align with the grooves [31], 
and modification of such films to display the RGD peptide enhanced cell attachment, 
proliferation, alignment and the expression of collagen-1, collagen-V, decorin and 
biglycan [32, 33]. Stacks of such films facilitated the generation of integrated corneal 
stroma tissue with helicoidal multi-lamellar alignment of collagen-rich and 
proteoglycan-rich ECM [32]. Moreover, human corneal stromal stem cells cultured on 
such RGD modified films in serum-free keratocyte differentiation medium successfully 
differentiated into keratocytes, secreting multilayered lamellae with orthogonally-
oriented collagen fibrils, in a pattern mimicking human corneal stromal tissue [34]. 
Likewise, human corneal limbal epithelial cells were observed to align on silk films 
with micrometer scale grooves, while also enhancing cell-to-cell contact formation, 
actin cytoskeleton alignment and focal adhesion localization [35]; and analogous 
patterns were found to direct the migration of limbal-epithelial cells cultured as sheets 
[36]. 
Other nervous tissues such as the brain also contain regions with aligned cells, 
and patterned silk films with surface micro-grooves of 3 μm in width and 0.5 μm depth 
have dimensions that are analogous to the dimensions of cortical axons (0.3–1 μm) and 
glial cell processes (2–3 μm) [37]. Primary E18 rat cortical cells were cultured on silk 
films with grooves of 3.5 μm in width and 500 nm in depth separated by a 3.5 μm gap 
were found to align with the grooves. By division 3-5 neuronal (neurofilament, NF+) 
processes were aligned with the grooves as were glial fibrillary acidic protein (GFAP)+ 
astrocytes. However, neither axons stained with β3-tubulin or dendrites stained with 
microtubule associated protein 2 showed directional preferences [37]. Interestingly, it 
has also proven possible to integrate gold electrodes into silk films upon which 
embryonic carcinoma P19 cells (derived from an embryo-derived teratocarcinoma in 
mice) that were induced to differentiate towards neural-like cells align and increase 
neurite outgrowth, and such electrode-integrated films offer a potential platform to 
study electrical stimulation of cells residing on them [38]. Likewise, neurites from 
dorsal route ganglions (DRGs) and Schwann cell processes grew on films with μm-
scale grooves and showed a majority of extensions within 20o of the groove direction 
[39]. Furthermore, when human corneal stromal stem cells were co-cultured with 
DRGs, neurites outgrowth was enhanced by the secretion of collagen-1 from the human 
corneal stromal stem cells [40]. 
Conducting biomaterials based on conducting polymers (e.g. polypyrrole) have 
potential for numerous short and long term biomedical applications [41-49]. Conducting 
polymer-based scaffolds have been developed for the regeneration of bone and nerve 
tissues, and organs including the heart and skin [41-49]. Schmidt and Langer showed 
that electrical stimulation of PC12 cells on polypyrrole increased the number and length 
of neurite outgrowths from the cells [50]. Various groups have shown that Schwann 
cells adhere to polypyrrole-based materials [51-55], and that DRGs adhere to 
polypyrrole-based [51,56,57] or poly(3,4-ethylenedioxythiophene)-based materials [56]. 
Wang and coworkers showed that flexible tube-like peripheral nerve conduits composed 
of polypyrrole and silicone were non-toxic and non-immunogenic in vivo in rats [51] 
and Zhang and coworkers showed that axons could grow into tube-like peripheral nerve 
conduits composed of poly(D,L-lactide-co-ε-caprolactone) [51]. Wallace and coworkers 
reported that electrical stimulation enhanced neurite outgrowth from DRGs aligned with 
the long axis of fibers aligned with the long axis of tubes, and that Schwann cell 
migration was similarly enhanced [58]; Xia and coworkers showed that electrical 
stimulation enhanced neurite outgrowth from DRGs aligned with the long axis of 
aligned bundles of electrospun polypyrrole-based fibers [59], as indeed did Schmidt and 
coworkers in polypyrrole-based tubes [60]. Schmidt and coworkers showed it was 
possible to use electrical stimulation to direct Schwann cell migration on polypyrrole-
based films [61], and Huang and coworkers reported that electrical stimulation of 
Schwann cells on composites of polypyrrole and chitosan enhanced the expression and 
secretion of brain-derived neurotrophic factor and nerve growth factor (NGF) [62], and 
we have observed enhanced expression of NGF from Schwann cells when stimulated on 
composites of polypyrrole and polycaprolactone with urea-templated pores [55]. 
Conductive silk-based materials have been successfully used for biomedical 
applications, including as electrodes for recording endogenous signals [63], or indeed as 
tissue scaffolds [64-69]. Here we describe the preparation of films composed of BMF 
and conducting polymers (polypyrrole doped with polystyrene sulfonate). The films are 
optionally patterned with micrometer-scale grooves which can direct the growth of 
neurites in the direction of the long-axis of the groove, analogous to the role of natural 
topographical cues found in the extracellular matrix of the central and peripheral 
nervous systems, and such materials may find application in the regeneration of the 
nervous system acting as scaffolds that guide process outgrowth via topographical cues 
and facilitate electrical stimulation of the cells on the substrate [70-72]. 
2. Materials and Methods 
2.1. Materials 
Unless otherwise stated, all chemicals for synthesis and physicochemical analysis were 
of ACS grade, purchased from Sigma-Aldrich and used as received without further 
purification. Phosphate buffered saline (PBS) was at pH 7.4. Reagents for cell culture 
were purchased from Invitrogen (Carlsbad, CA) unless otherwise noted. 
2.2. Preparation of regenerated silk fibroin solution 
Silk cocoons of B. mori silkworms were degummed by boiling in an aqueous solution 
of Na2CO3 (0.02 M) for 20 min, followed by rinsing thoroughly with distilled water. 
The extracted silk fibroin was then dissolved in aqueous LiBr (9.3 M), and thereafter 
dialyzed against ultrapure water using a Slide-a-Lyzer dialysis cassette (MWCO 3,500 
Daltons, Life Technologies, Carlsbad, CA, USA) for 2 days. The solution was 
centrifuged at 9000 rpm (ca. 12,700 g) at 4 oC for 20 min, transferred to a fresh 
centrifuge tube, and centrifuged at 9000 rpm (ca. 12,700 g) at 4 oC for a further 20 min 
to remove any solids. The final concentration of silk fibroin aqueous solution was 8 
wt%, as determined by dry weight analysis. 
2.3. Preparation of PDMS substrates 
Flat and patterned silk fibroin films were cast using a previously described soft 
lithography technique [30]. Flat PDMS substrates were prepared by casting on a Petri 
dish, whereas grooved PDMS substrates were prepared by casting Sylgard 184 (Dow 
Corning Corp., Midland, MI, USA) on optical diffraction gratings (Edmund Optics, 
Inc., Great Barrington, NJ, USA). The PDMS was cured overnight at 60 oC, the 
substrates were cut into 40 x 40 mm squares, washed in aqueous ethanol (70% v/v 
ethanol) and thoroughly rinsed in distilled water, and air dried to yield PDMS films that 
were either flat or patterned with grooves of 3.5 μm in width and 500 nm in depth 
separated by a 3.5 μm gap. 
2.4. Preparation of silk films 
Silk films were prepared by casting 1.2 mL of 1 % w/v regenerated silk fibroin solution 
on each PDMS substrate and air-dried at room temperature overnight. The resulting 3 to 
5 μm thick silk films (either flat or with grooves of 3.5 μm in width and 500 nm in 
depth separated by a 3.5 μm gap) were made water insoluble by annealing in a water-
filled desiccator at 24 mm Hg vacuum for 5 h, followed by drying.  
2.5. Preparation of conductive silk films with interpenetrating networks of 
polypyrrole and polystyrene sulfonate 
Pyrrole was purified by passage over basic alumina. Silk films were placed in 
disposable 50 mL centrifuge tubes containing a solution of pyrrole (291 μL, 4.3 mmol) 
and polystyrene sulfonate (PSS, Mn 70 kDa, 0.799 g, 1 molar eq. in terms of sulfonate 
groups to pyrrole) in distilled water (50 mL). Samples were sonicated for 5 minutes and 
incubated at 4 °C for 1 h. Thereafter, ferric chloride (1.848 g, 2.7 molar eq. relative to 
pyrrole) was added. The samples were shaken to assure dissolution of the ferric chloride 
and then incubated for a further 24 h at 4 °C. The reaction mixture was decanted and the 
foams were washed with water, however, the interpenetrating network was 
inhomogeneous after this time. Therefore, the process was repeated, and a fresh solution 
of pyrrole (291 μL, 4.3 mmol) and polystyrene sulfonate (PSS, Mn 70 kDa, 0.799 g, 1 
molar eq. in terms of sulfonate groups to pyrrole) in distilled water (50 mL) was added 
to the foams. Samples were sonicated for 5 minutes and cooled to 4 °C (for 1 h). 
Thereafter, ferric chloride (1.848 g, 2.7 molar eq. relative to pyrrole) was added. 
Homogeneously colored films were removed from the reaction mixture, placed in fresh 
distilled water, sonicated for 5 min, and then exhaustively washed (to remove 
monomers, oligomers and initiators) with deionized water until the water used to wash 
the materials was clear, colourless and the pH was neutral (ca. 3 days), after which they 
were washed with ethanol (1 day at 21°C with two changes of ethanol). Conductive silk 
films with an interpenetrating network of polypyrrole and polystyrene sulfonate were 
dried under high vacuum at 21°C. 
2.6. Electrical sheet resistance 
Resistance (R in Ω) was measured between the two silver electrodes using a digital 
multimeter (DM-8A, Sperry Instrument, Milwaulkee, WI). Sheet resistance (Rs) in 
Ω/square was calculated using the following equation: 
Rs = RW/L (1) 
Where W is the width of the electrode and L is the distance between the two silver 
electrodes. The electrodes were moved to different positions after each measurement, 
and the resistance R was recorded in at least ten different positions on the materials. 
2.7. Scanning electron microscopy (SEM)  
Samples were mounted on a Scanning Electron Microscopy (SEM) stub and sputter 
coated with Pt/Pd (15 nm) using a Cressington 208 Benchtop Sputter Coater. All 
samples were imaged using a Zeiss Supra 40 VP field emission scanning electron 
microscope. 
2.8. X-ray photoelectron spectroscopy (XPS) 
XPS was carried out on the samples to confirm that the surface chemistry of the 
scaffolds had changed after the growth of an interpenetrating network of the CP within 
the silk matrix. XPS was performed on a Kratos Axis X-ray photoelectron spectrometer 
(Kratos Analytical Ltd., Manchester, UK). The binding energy was calibrated using the 
C 1s photoelectron peak at 284.6 eV as a reference. The CasaXPS computer program 
was used for peak fitting of the C 1s and O 1s peaks in the XPS spectra. The reported 
spectra are representative of two measurements at different positions on a sample. 
2.9. Fourier transform infrared spectroscopy (FTIR) 
A Thermo Scientific Nicolet 380 FTIR Spectrometer (Thermo Fisher Scientific Inc., 
USA) was used to record spectra in attenuated total reflectance (ATR) mode at 21°C 
with a 1 cm−1 resolution and 128 scans (corrected for background and atmosphere using 
the software provided with the spectrometer). Samples were secured in position on the 
ATR crystal using the built-in clamp. 
2.10. Thermogravimetric analysis (TGA) 
TGA was conducted on a TA Instruments TGA Q500 thermogravimetric analyzer (TA 
Instruments, USA), using a ramp rate of (10 °C min−1) under nitrogen gas. Weight loss 
from the polymers occurring below 200 °C was ascribed to the evaporation of solvents, 
and above 200 °C it was ascribed to the decomposition of the polymers. 
2.11. Cell culture 
All primary cell isolation procedures were performed with the approval of the IACUC 
at the University of Florida and in accordance with guidelines established by the NIH. 
Whole DRGs were obtained from P1-P3 mice. Briefly, using aseptic techniques, the 
spinal column was first removed. Next, using a stereomicroscope whole DRGs were 
pulled out from between each of the spinal segments (from cervical to lumber). Whole 
DRGs were stored and trimmed in 1x HBSS supplemented with 1% gentamicine on ice 
until ready for use. Isolated and trimmed DRGs were carefully picked up using micro-
tweezer (Dumont #5) and dragged through a drop of collagen I solution (3mg/mL, BD 
Sciences, San Jose, CA). DRG were then placed on the substrates and cultured in 
neurobasal medium supplemented with 2% B27, 20 nm L-glutamine, 1% 
penicillin/streptomycin/antimicotic, and 50 ng/ml of nerve growth factor (NGF; R&D 
Systems, Minneapolis, MN) at 37°C for 3 days in vitro.  
2.12. Immunohistochemistry, imaging and analysis 
Samples were fixed with 2% paraformaldehyde (PFA) for 30 minutes at room 
temperature, washed with phosphate buffered saline (PBS), and stored in PBS solution 
at 4˚C. Evaluation of axon growth was performed by immunohistochemistry utilizing 
antibodies against anti-beta III tubulin (1:1000, Abcam, Cambridge, MA). Goat anti-
mouse Alexa Fluor (1:500, Invitrogen) was used as fluorescent secondary antibodies to 
visualize the location of the primary antibodies. Samples were counter stained with 
DAPI (1:1000, Invitrogen), a DNA marker to locate cell nuclei. Sections were then 
cover slipped using a Fluoromount-G (SouthernBiotech, Birmingham, AL) mounting 
media. The morphology of neurite outgrowth on different substrates was taken on Zen 
software on a Zeiss (Axio Imager.Z2) machine with an AxioCam HRm Zeiss camera at 
a magnification of 10x. Quantitative analysis was performed to determine the influence 
of substrates on neurite direction using Image J (Wayne Rasband, NIMH). Maximum 
and average lengths of neurites outgrowth were investigated and by fitting an ellipse 
around the area eccentricity of neurite field was calculated using the following equation: 
Ecc = √(a2-b2)/a (2) 
In which a and b are major and minor semiaxes respectively. At least three 
images of each group were used for quantitative analysis. Angle distribution was also 
performed in a grooved sample to determine the alignment of the neurite outgrowth by 
counting 50 fibers on each type of substrate. 
2.13. Statistical analysis 
A student’s two-tailed t-test was used with a statistically significant value determined to 
be p < 0.05. 
3. Results and Discussion 
3.1. Preparation and characterization of the films 
Instructive tissue scaffolds capable of controlling cell behaviour are exciting 
features in engineering biologically relevant biomaterials [20-22]. The topography of 
the extracellular matrix of natural bodily tissues can instruct cells to align, and is 
commonly observed within specific niches in bone, muscle, nerve and other tissues, and 
this knowledge has been drawn on as a source of inspiration when engineering 
topographically instructive biomaterials such as those described herein [24,25]. Natural 
and recombinant silk proteins are popular components of biomaterials because of their 
solubility in various solvents and ease of processing into films, fibers, foams, hydrogels 
etc. [1, 5, 14, 18, 19]. The Kaplan group and others have developed silk-based materials 
for soft and hard tissues, and such materials show excellent biocompatibility both in 
vitro and in preclinical trials in animals [1-3]. Many tissues respond to electrical 
stimulation (including bone, muscle, nerve, skin), and a variety of devices employing 
electrical stimulation for therapeutic purposes have been translated to the clinic [44-47]. 
Here we describe the preparation and physicochemical characterization of conductive 
silk films, optionally with topographical instructions in their surfaces [30].  
Optically clear flat and patterned silk fibroin films were prepared by casting on 
flat or patterned PDMS substrates [30]. Incubation of the silk films in an aqueous 
solution of pyrrole (monomer), polystyrenesulfonate (dopant) and ferric chloride 
(initiator), followed by thorough washing with water and ethanol to remove the by-
products (e.g. initiators, monomers, oligomers and polymers) and vacuum drying, 
yielded conductive silk films with sheet resistances of 124 ± 23 kΩ square-1. 
Thermogravimetric analysis revealed that the chemical modification process did not 
alter the thermal stability of the films significantly (Appendix, Figure A1). SEM 
showed that the surface of the non-conductive silk films are smooth (Figure 1A and 
1C), and that the conductive films are coated with aggregates of polypyrrole and 
polystyrenesulfonate on their surface and are therefore notably rougher (Figure 1B and 
1D) [55]. 
Infrared spectra recorded in ATR mode of the non-conductive silk films and the 
conductive silk films (Figure 2A) confirmed the surface chemistry to be different. The 
infrared spectrum for both the non-conductive and conductive silk films exhibit peaks at 
1621 cm-1 and 1517 cm-1 corresponding to the amide I and amide II peaks, respectively, 
indicating the silk film is β-sheet rich. The peak at 925 cm-1 is attributed to pyrrole C-H 
wagging, the peak at 1033 cm-1 is attributed to C-H in-plane deformation and/or 
symmetric S=O stretching, the peak at 1203 cm-1 is attributed to asymmetric S=O 
stretching, the shoulders at 1487 cm-1 and 1558 cm-1 correspond to the C=C stretching, 
whereas the shoulder at 1688 cm-1 is C=N bonds [73]. X-ray photoelectron spectra of 
the non-conductive and conductive films also confirms that the surface chemistry is 
different, with the broadening of the N1s peak in the spectra of the conductive films at 
400 eV because of the newly introduced nitrogen on the pyrrole rings (Figure 2B) and 
the appearance of a new peak in the S2p spectra of the conductive films at 168 eV from 
the polystyrenesulfonate (Figure 2C) [55]. In conclusion, microscopy and spectroscopy 
showed clear evidence of the deposition of aggregates of polyelectrolyte complexes 
formed from polypyrrole and polystyrene sulfonate on the silk films, confirming that the 
conductivity of the materials is due to the presence of the conducting polymer.  
3.2. In vitro culture of DRGs on conducting substrates 
While such materials have the potential for use in any of the biological niches 
mentioned above, as proof of concept, we focused on nerve tissues. In this study, DRGs 
were cultured on the surface of the conductive films for 3 days in vitro. Two conditions 
were considered: 1) DRGs seeded on flat conductive silk films, and 2) DRGs seeded on 
conductive silk films with grooves. Histological analysis of processes produced from 
the DRGs after 3 days in vitro showed that the conductive films with grooves substrates 
instructed the alignment of the processes extending from the DRGs, producing 
significantly more aligned processes when compared to processes extending from 
DRGs cultured on flat conductive silk substrates (p <0.04). While there was a trend 
towards longer neurites on grooved substrates, no significant differences were seen in 
the average or maximum lengths in process outgrowth (Figure 3 and Appendix Figure 
A2). 
Nerve tissue engineering is an exciting field of research, and silk proteins are a 
class of materials that has shown great promise both in vitro and in vivo in preclinical 
trials [3]. Herein we report the first study of a conducting silk derivative and its 
application as a topographically instructive nerve tissue scaffold which may find use in 
fundamental studies investigating effects of topographical and electrical cues at the 
same time, with a long term view to optimize combinations of cues (chemical, 
electrical, mechanical, and topographical) and generate advanced functional 
biointerfaces for the central and peripheral nervous systems. 
4. Conclusion 
In summary, we present a protocol to prepare conductive silk films (optionally with 
topographical guidance cues) using simple, scalable, all-aqueous methods. DRGs 
adhere to the films and the topographical information in the surface of the conductive 
silk films (μm-scale grooves) instructs the aligned growth of processes extending from 
the DRGs. Such materials potentially enable the electrical stimulation of cells cultured 
on them, and future in vitro studies will focus on understanding the interplay between 
electrical and topographical cues on the behaviour of cells cultured on them [74,75]. 
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Figure 1. SEM images of the films. A) Flat non-conductive silk film. B) Flat conductive 
silk film. C) Non-conductive silk film with grooves. D) Conductive silk film with 
grooves. Scale bars represent 10 μm. 
Figure 2. A) FTIR spectra of non-conductive and conductive silk films. B) XPS (N1s) 
spectra of non-conductive and conductive silk films. C) XPS (S2p) spectra of non-
conductive and conductive silk films. Gray and black lines correspond to non-
conductive and conductive silk films, respectively. 
Figure 3. Neurites grew along the aligned features on conductive silk films. Dorsal root 
ganglia (DRG) were isolated and placed on either grooved (A) or flat silk conductive 
films and cultured for 3 days in vitro. A & B. Photomicrographs of fixed samples that 
were stained with neuronal marker (beta III tubulin, red) and imaged. C. An overlaid 
image of labelled axons with a phase contrast image of the underlying grooved substrate 
(feature size = 3.5 μm).  Scale bar = 500 μm. 
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Figure A1. Thermogravimmetric analysis of silk-based films. Grey) Silk. Black) Silk-
PPy. 
 
Figure A2. Quantitative analysis of neurites from dorsal root ganglia (DRG) cultured in 
vitro on conductive silk films. A) Average length and B) maximum length of neurites 
were calculated from DRGs grown on both flat and grooved substrates (flat: n= 5, 
grooved: n=4). C) A histogram of angle distribution for neurites on grooved substrates 
(n > 50 neurites on from 4 DRGs). 
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